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Nanotechnology has made a significant impact on the development of nanomedicine. Nonviral vectors have been
attracting more attention for the advantage of biosafety in gene delivery. Polyethylenimine (PEI)-conjugated chitosan
(chitosan-g-PEI) emerged as a promising nonviral vector and has been demonstrated in many tumor cells. However,
there is a lack of study focused on the behavior of this vector in stem cells which hold great potential in regenerative
medicine. Therefore, in this study, in vitro gene delivering effect of chitosan-g-PEI was investigated in bone marrow
stem cells. pIRES2-ZsGreen1-hBMP2 dual expression plasmid containing both the ZsGreen1 GFP reporter gene and the
BMP2 functional gene was constructed for monitoring the transgene expression level. Chitosan-g-PEI-mediated gene
transfer showed 17.2% of transfection efficiency and more than 80% of cell viability in stem cells. These values were
higher than that of PEI. The expression of the delivered BMP2 gene in stem cells enhanced the osteogenic differentiation.
These results demonstrated that chitosan-g-PEI is capable of applying in delivering gene to stem cells and providing
potential applications in stem cell-based gene therapy.
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Bone regeneration is one of the major focus points in
the field of regenerative medicine. Bone morphogenetic
protein-2 (BMP2) is a well-known stimulus for bone re-
generation [1]. Currently, nanotechnology has made a
significant impact on the development of drug delivery
system including the gene delivery [2]. This procedure
addresses some of the shortcomings associated with
BMP2 protein treatment such as the short half-life and
extremely high cost [3,4]. Gene therapy could not only
reduce the cost of the treatment but also prolong the re-
lease of BMP2 at the regeneration site to coincide with
bone formation [5,6].
The success of gene therapy depends on the develop-
ment of the efficient and safe gene delivery system. Viral
vectors are the preferred system in clinical trials due to* Correspondence: zhaoxltju@gmail.com
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in any medium, provided the original work is ptheir high transfection efficiency; however, the safety
concerns in terms of immune response and insertional
mutagenesis make the nonviral vectors more and more
attractive [7-9]. Nonviral vectors show the advantages in
easy manufacturing, low immune response, as well as
the unrestricted genetic material carrying capacity [9,10].
In clinical, the transient gene expression property of
nonviral vector can avoid the adverse effect of BMPs’
overexpression [11].
Among various nonviral vectors, cationic polymer has
emerged as a promising one for gene therapy. The struc-
tural flexibility of polymer allows for the variety of modi-
fication to fabricate a more powerful vector in terms of
efficacy and multifunction [12]. Chitosan, known for its
excellent biocompatibility and biodegradability, is one of
the most widely used cationic nonviral vectors [13]. How-
ever, its low transfection efficiency limits its application.
There is an increasing interest in improving chitosan’s
properties by various modifications. Polyethylenimine
(PEI) is another promising cationic nonviral vector and
has been proven as one of the most powerful and versatile
members of nonviral vector both in vitro and in vivo
[14,15]. However, this vector possesses relatively highOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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[16]. It has therefore not yet been used in human studies.
In recent years, many pilot studies had proven that the
combination of chitosan and PEI can simultaneously en-
hance the transfection efficiency and decrease the cyto-
toxicity [17-19]. This formula could be further improved
with the properties of targeted delivery [20-23], pro-
longed in vivo circulation [20], and stimuli-responsive
[24] by specific structure modification. However, most of
these studies were carried out in tumor cells such as
HeLa [20,24-26], HepG2 [27], and A549 cells [28], or
targeted for tumor treatment [21,29-31]. There are only
a few studies left using it to deliver gene to somatic cell
such as murine macrophage cells [22] and osteoarthritis
[32]. In our previous study, the bioreducible low mo-
lecular weight PEI-conjugated chitosan (chitosan-g-PEI)
was developed, characterized, and applied to deliver gene
to osteoblast cells [33]. It was also simply tried in stem
cells. However, there is a lack of a detailed study focused
on the behavior of this vector in stem cells, which is very
important in the regenerative medicine.
Vectors usually show the cell type-dependent transfec-
tion properties because of the differences in cell cycle,
cell division frequency, endocytic capacity, and meta-
bolic activity [34]. Mesenchymal stem cells (MSCs) are
usually more difficult to transfect [35]. In recent years,
the investigation of MSCs and their clinical application
have attracted extensive interests. Some nonviral vectors
have demonstrated their efficiency in delivering BMP2
gene to MSC such as liposome and PEI [36,37]. So far,
there are few nonviral vectors that have been applied in
stem cells, leaving very limited choices for stem cell-
based gene therapy. Therefore, chitosan-g-PEI should be
expected to show its effect on stem cells.
In this study, chitosan-g-PEI was evaluated on deliver-
ing BMP2 gene to bone marrow stem cells and com-
pared with chitosan and PEI in terms of the transfection
properties and the transgene function in vitro. pIRES2-
ZsGreen1-hBMP2 dual expression plasmid containing
both ZsGreen1 GFP reporter gene and BMP2 functional
gene was fabricated to monitor the transgene expression
level. The BMP2 expression in the transfected stem cells
was measured by the enzyme-linked immunosorbent
assay (ELISA) and Western blot. Alkaline phosphatase
(ALP) activity and Alizarin Red S staining were per-
formed to determine the osteogenic differentiation and
matrix mineralization.Methods
Materials
Chitosan (MW=10 kDa) with a 92% degree of deacetylation
was supplied by AK Biotech Ltd. (Jinan, Shandong, China).
Polyethylenimine (PEI,MW= 1.8 and 25 kDa) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (Shanghai,
China). N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP)
was provided by Thermo Scientific (Rockford, LA, USA).
PEI 25 kDa was purified by dialysis in deionized water and
lyophilization before used as positive control for gene de-
livery. Alizarin Red S, cetylpyridinium chloride (CPC), and
alkaline phosphatase (ALP) yellow liquid substrate were
obtained from Sigma. The BCA™ protein assay kit was ob-
tained from Thermo.
Construction of pIRES2-ZsGreen1-hBMP2 dual expression
vector
Plasmids pCI-neo-hBMP2 and pIRES2-ZsGreen1 (Clontech,
Mountain View, CA, USA) were maintained in the lab.
ZsGreen1 as GFP homolog is a bright green fluorescent
protein derived from a reef coral and modified for higher
solubility, brighter emission, and rapid chromophore mat-
uration. Plasmid pIRES2-ZsGreen1-hBMP2 was prepared
by inserting hBMP2 cDNA into pIRES2-ZsGreen1 plas-
mid at Xho I and BamH I sites using restriction enzyme
(TaKaRa, Otsu, Shiga, Japan) and T4 DNA ligase (NEW
ENGLAND BioLabs, Ipswich, MA, USA). hBMP2 cDNA
was amplified by PCR with the forward primer 5′- CCGctc
gagACCATGGTGGCCGGGACCCGCT-3′ and the reverse
primer 5′ -CGCggatccCTAGCGACACCCACAACCCTC
CA-3′ by KOD-Plus-Neo DNA polymerase (TOYOBO,
Osaka, Japan). Then, the product was transformed to
competent DH5α for amplification. Positive clones were
picked for mini plasmid preparation (QIAGEN, Hilden,
Germany). The recombinant plasmid pIRES2-ZsGreen1-
hBMP2 was characterized by PCR, restriction enzyme di-
gestion, and sequencing analysis, respectively. For cell
transfection, the plasmid was purified by Pure Yield™
Plasmid Midiprep System (Promega, Madison, WI, USA)
and then examined by gel electrophoresis and NanoDrop
ultraviolet spectrophotometer.
DNA complexes preparation
Chitosan-g-PEI was prepared according to the previous
study using SPDP heterobifunctional crosslinking re-
agent to conjugate chitosan (10 kDa) with PEI (1.8 kDa)
[33]. Briefly, SPDP was firstly reacted with the amino
group of chitosan and PEI, respectively, to prepare thio-
lated polymers. Then, chitosan-g-PEI was prepared by
oxidization of reduced thiols on PEI and chitosan at
room temperature in air to form a disulfide linkage. The
feed ratio of chitosan to PEI was 0.25:1 (w:w), in which
formula, it showed the optimal transfection properties in
our previous study [33]. Chitosan was purified and dis-
solved in 50 mM NaAc/HAc buffer (pH5.4). PEI 25 kDa
was dissolved in deionized water.
The DNA complexes were prepared freshly by adding
the equal volume of sterilized polymer solution to DNA
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at room temperature for 30 min for complexes formation.
The complexes of different vectors for gene transfer were
prepared at their optimal formula as 20:1, 20:1, and 2:1 for
chitosan, chitosan-g-PEI and PEI, respectively. Various
weight ratios of the complexes were prepared by manipu-
lating the concentration of polymer solutions. The critical
complex ratio was determined by gel electrophoresis.Complexes characterization
The DNA condensation ability was investigated by gel re-
tardation. Complex solutions contained 0.1 μg of DNA with
various weight ratios that were loaded into gels running at
90 V for 20 min. The particle size and surface charge of
complexes were measured by Zetasizer Nano ZS instru-
ment (Malvern Instruments, Malvern, Worcestershire, UK)
in triplicate at 25 °C. The complexes containing 2 μg of
DNA at various weight ratios (0.5:1 to 25:1) were diluted by
NaCl solution to 1 mL. The size was presented as the aver-
age value of five runs. The morphology of the complexes
was observed by transmission electron microscopy (TEM;
Philips Tecnai G2 20 S-TEM, Hillsboro, OR, USA). One
drop of each complex solution was carefully dropped on a
clean copper grid and negatively stained by 1.5 wt% phos-
photungstic acid (pH 6.7). The samples were dried at room
temperature before imaging.Cell culture
Murine bone marrow cells were collected by flushing
the bone marrow cavities of 6-week-old wild-type maleFigure 1 Construction and verification of pIRES2-ZsGreen1-hBMP2 plasmid
functional gene of BMP2 and the reporter gene of ZxGreen 1 GFP (A). COS
GFP expression observed under a fluorescence microscope (B) and the BMC57BL/6 mice euthanized by cervical dislocation and
then purified by its physical propensity of adherence to plas-
tic flasks [38]. The animal experiment and care were ap-
proved by the Institution Animal Care and Use Committee
(IACUC) of Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences. Cells were cultured in
minimum essential medium (alpha) (α-MEM, Mediatech,
Herndon, VA, USA) supplemented with penicillin (Sigma-
Aldrich), streptomycin sulfate (Sigma-Aldrich), and 20%
fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville,
GA, USA) at 37 °C in a 5% CO2 humidified incubator. After
72 h of adhesion, nonadherent cells were removed and ad-
herent cells were cultured an additional 7 days with a single
media change. Cells were purified by flask adherence
through several passages. African green monkey kidney
cells (COS-1) were cultured in Dulbecco’s modified Eagle
medium (DMEM,Mediatech) supplemented with 10% fetal
bovine serum (FBS,Atlanta Biologicals). This cell was used
for confirmation of the construction of pIRES2-ZsGreen1-
hBMP2 plasmid.
In vitro differentiation of BMSC into multilineage cells
To assess the multilineage differentiation capacity, the
obtained bone marrow stem cells (BMSC) underwent
osteogenic, adipogenic, and chondrogenic induction by
different culture media.
For osteogenic differentiation, cells were cultured
with osteogenic medium with α-MEM supplemented
with 10% FBS, 10−7 M dexamethasone (Sigma-Aldrich),
10 mM β-glycerol phosphate (Sigma-Aldrich), and
50 mM ascorbate-2-phosphate (Sigma-Aldrich). AfterDNA. pIRES2-ZsGreen1-hBMP2 was constructed containing both the
-1 cells transfected with pIRES2-ZsGreen1-hBMP2 showed ZsGreen1
P2 mRNA expression by RT-PCR (C).
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stained by Alizarin Red S staining. For adipogenic dif-
ferentiation, cells were cultured with α-MEM supple-
mented with 10% FBS, 10−6 M dexamethasone, 0.5 μM
isobutylmethylxanthine (IBMX, Sigma-Aldrich), and
10 ng/mL of insulin (Sigma-Aldrich) for 2 weeks. Lipid
accumulation was identified by Oil Red O staining. For
chondrogenic differentiation, cells (1 × 106) were seeded
in polypropylene tubes with DMEM supplemented with
10−7 M dexamethasone, 1% insulin-transferrin-selenium
(ITS, Sigma-Aldrich), 50 μM ascorbate-2-phosphate,
1 mM sodium pyruvate (Sigma-Aldrich), 50 μg/mL of pro-
line (Sigma-Aldrich), and 20 ng/mL of TGF-β3 (R&D Sys-
tems, Minneapolis, MN, USA). After 3 weeks in culture,
the pellets were fixed in 10% buffered formalin for 48 h
and embedded in paraffin. Then, 4 μm thick sections were
processed for toluidine blue staining (Sigma-Aldrich).
Transfection efficiency and cytotoxicity
The transfection efficiency was investigated by flow cy-
tometry. Cells were seeded in 6-well plates at an initialFigure 2 Structure characterization of chitosan-g-PEI by FTIR spectra. The c
Their functional groups correspond to the representative bands on the FTIdensity of 4 × 105 cell well−1 and allowed to reach 70% to
80% confluence. Before transfection, cells were washed
with PBS and refreshed with antibiotic-free medium.
Then, the cells were treated with complexes containing
4 μg of pIRES2-ZsGreen1-hBMP2 plasmid and incubated
for 24 h. Chitosan (10 kDa) and PEI (25 kDa) were used
for comparison in gene delivery. Untreated cell was used as
the negative control. Before examination, cells were
refreshed with complete medium and cultured for another
24 h. The ZsGreen1 GFP expression was observed under a
fluorescence microscope and quantified by flow cytometry.
In vitro stem cell viability under transfection condition
was evaluated by MTT assay. Cells were seeded in 96-well
plates at an initial density of 1× 104 cells well−1 and cul-
tured in a 100-μL medium containing the complexes. The
procedure was similar to the course of transfection for
evaluating their cytotoxicity during transfection. The MTT
assay was performed according to the manufacturer’s in-
struction, and the results were shown as the percentage of
cell viability comparing with the control group. Each value
was averaged from six independent experiments.hemical structure of chitosan, chitosan-g-PEI, and PEI was shown (A).
R spectra (B).
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BMP2 gene was delivered to BMSC. After transfection,
the supernatant was collected for testing the BMP2 ex-
pression utilizing a commercially available ELISA kit
(PeproTech Inc., Rocky Hill, NJ, USA). The activation of
its downstream signaling pathway was investigated by
Western blot analysis. Cells were lysed in immunopre-
cipitation buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1% TritonX-100, 0.5% sodium deoxycholate) con-
taining protease inhibitors. After centrifuge of the ly-
sates, the supernatants were separated by SDS-PAGE
and blotted onto a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA, USA). The proteins were
analyzed with anti-Smad1 and anti-phospho-Smad1/5/8
(Western blot) antibodies, and visualized by SuperSignal
West Femto Substrate system (Thermo).
Osteogenic differentiation
After transfection of BMP2 gene, BMSC were induced
for osteogenic differentiation in osteogenic medium.
Fourteen days after transfection, the alkaline phosphat-
ase activity (ALP) assay was performed. Cells were
rinsed with PBS and lysed in the buffer containing 0.1%
(v/v) Triton X-100, 1 mM MgCl2, and 20 mM Tris. The
freezing and thawing process was followed to disrupt the
cell membranes. Samples were incubated with ALPFigure 3 Characterization of chitosan-g-PEI and pIRES2-ZsGreen1-hBMP2 plasmi
ration by gel retardation (A), morphology observed by TEM (B), and particle sizesubstrate solution at 37°C for 30 min and then stopped
by 3 M NaOH. These were performed in 96-well micro-
plate with triplicate, and the assay was read against the
blank at 405 nm by microplate reader. The total protein
content was determined by BCA kit. Calcium deposit
was stained by Alizarin Red S staining and quantified at
around 21 days. Briefly, cells were washed with PBS and
fixed with 10% formalin for 30 min. Alizarin Red S stain-
ing working solution with pH value around 4.1 ~ 4.3 was
used to stain the cells. Thoroughly washed by distilled
water, the calcium deposit with the red color could be
observed under a microscope. Quantification of calcium
deposition was made by extracting Alizarin Red S stain-
ing with 10% cetylpyridinium chloride (CPC) and meas-
uring the absorbance at 570 nm.Statistical analysis
All the data presented are expressed as Mean ± SD and
the statistical analysis was made using ANOVA and a
multiple comparisons test. The difference was considered
statistically significant when p value was less than 0.05.Results and discussion
Chitosan-g-PEI has been demonstrated as a promising
gene carrier. In this study, it was applied to bone marrowd DNA complexes. The complexes were characterized by the critical complex
in histogram and zeta potential in line plot (C). Scale bar: 500 nm.
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chitosan- and PEI-mediated situation. The transfection ef-
ficiency, cytotoxicity, and the expression of delivered gene
were examined.
Characterization of the constructed pIRES2-ZsGreen1-hBMP2
plasmid
For conveniently observing the BMP2 expression, pIRES2-
ZsGreen1-hBMP2 dual expression plasmid was con-
structed containing both the functional gene of BMP2 and
the reporter gene of ZsGreen1 GFP as shown in Figure 1A.
To some extent, the ZsGreen1 GFP expression could indi-
cate the BMP2 expression level because BMP2 was earlier
translated than ZsGreen1 GFP according to this plasmid
translation sequence. The IRES element in the plasmid
makes sure the encoded proteins expressed separately.
Comparing with their fusion protein, this could avoid the
adverse interaction in their proteins’ function. The func-
tion of this constructed plasmid was examined by
ZsGreen1 GFP and BMP2 expression in COS-1 cells. TheFigure 4 Transfection efficiency of chitosan-g-PEI in bone marrow stem cells
adipogenic, and chondrogenic differentiation by Alizarin Red S, Oil Red O and
by gene carriers was visualized by fluorescence and quantified by flow cytomexpressed ZsGreen1 GFP was observed under fluorescence
microscopy as shown in Figure 1B. The insertion of BMP2
gene did not seem to affect the ZsGreen1 GFP expres-
sion comparing with the fluorescence images of pIRES2-
ZsGreen1 and pIRES2-hBMP2-ZsGreen1. BMP2 expres-
sion was examined by its gene expression using real-
time reverse transcription PCR (RT-PCR) as shown in
Figure 1C. Only pIRES2-hBMP2-ZsGreen1 group showed
the positive BMP2 mRNA expression. Both the control
group and the pIRES2-ZsGreen1 group showed the nega-
tive BMP2 mRNA expression. These results confirmed
the successful construction of the plasmid containing both
BMP2 and ZsGreen1 GFP for transfection investigation.
Structure comparison
The structure of chitosan-g-PEI, chitosan, and PEI was
compared by FTIR spectroscopy as shown in Figure 2.
In FTIR spectra, chitosan showed the representative
bands at 1,640 cm−1, 1,563 cm−1, and 1,077 cm−1, which
were attributed to C =O stretching (amide I band), N-H(BMSC). The extracted BMSC were capable of conducting the osteogenic,
toluidine blue staining (A). ZsGreen1 GFP expression in BMSC delivered
etry (B). Scale bar:100 μm.
Figure 5 Cell viability of the different complexes in bone marrow stem
cells. By MTT assay, chitosan and chitosan-g-PEI showed significant
higher cell viability than PEI.
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tion. PEI showed the characteristic peaks at 1,660 cm−1
for NH2 vibration and 1,139 cm−1 for C-N stretching.
Chitosan-g-PEI showed the increased signals at 1,660 cm−1
corresponding to the NH2 vibration of PEI. At the same
time, there were decreased signals at 1,563 cm−1 and
1,077 cm−1 attributed to the N-H deformation and C-O
stretching vibration of chitosan. Meanwhile, the appearance
of the signals at 910 cm−1 and 840 cm−1 corresponding to
the C-S stretching vibration were introduced by disulfide
linkage in chitosan-g-PEI.Characterization of chitosan-g-PEI/DNA complexes
Cationic polymers carrying the positive charge could com-
plex the negatively charged plasmid DNA through elec-
tronic interaction to form the nano-scaled particles for
cellular internalization and gene expression. The critical
complex ratio was investigated by gel electrophoresis.
Above the weight ratio of 1:1 (w:w), the migration of DNA
was completely retarded by chitosan-g-PEI.
The formed complexes exhibited as nano-particles
with a spherical shape and compacted structure as
shown in TEM image (Figure 3B). The particle size
and zeta potential of the complexed particles were in-
vestigated by static light scattering (SLS) as shown in
Figure 3C. Above the weight ratio of 0.5 when the
polymers could completely condense DNA, the sizes of
the complexes reduced to around 100 nm. At the same
time, the zeta potential rose to around 30 mV. Further
increasing the weight ratio, the excessive cationic poly-
mer contributed to the surface positive charge, which
is necessary for the complexes binding to anionic cell
surfaces for cellular internalization.Transfection efficiency and cytotoxicity of chitosan-g-PEI
on stem cells
Mesenchymal stem cells (MSCs) are undifferentiated
multipotent cells which reside in various human tissues
and have the potential to differentiate into osteoblasts,
chondrocytes, adipocytes, fibroblasts, and other tissues
of mesenchymal origin [39]. To assess the multilineage
differentiation capacity, the extracted bone marrow stem
cells underwent osteogenic, adipogenic, and chondro-
genic induction by different culture media. It could be
observed that these cells are capable of conducting the
osteogenic, adipogenic, and chondrogenic differentiation
visualized by Alizarin Red S, Oil Red O and toluidine
blue staining, respectively (Figure 4A).
pIRES2-ZsGreen1-hBMP2 plasmid was delivered to
BMSC by chitosan-g-PEI, chitosan, and PEI. ZsGreen1
GFP expression could indicate the BMP2-expressed
level. The results showed the obvious positive GFP ex-
pression in groups of chitosan-g-PEI and PEI as shown
in Figure 4B. The chitosan-mediated group showed a
low level of GFP expression, and the control group
showed the negative results. Analyzed by flow cytometry,
the rate of the positive GFP expression cells reached
17.2% and 14.6% for chitosan-g-PEI and PEI, respect-
ively. However, the chitosan-mediated group could only
reach 3.4%. All of these efficiencies were actually not
very high due to the difficulties in transfecting stem
cells [35]. It has been observed that most gene carriers work
effectively for immortal cells in culture but fail in transfect-
ing primary cells because of the cell type-dependent differ-
ences [40]. It has been reported that PEI showed a much
higher transfection level than any other nonviral vector in
mammalian cells [41]. Its superior transfection efficiency in
most cell types benefits from the ‘proton-sponge’ effect.
Chitosan-g-PEI with the component of PEI also got a
benefit in delivering BMP2 gene to stem cells.
The cytotoxicity of the complexes to BMSC was inves-
tigated by MTT assay. Chitosan and chitosan-g-PEI
showed significant higher cell viability than PEI as
shown in Figure 5. There is no significant cytotoxicity
found in the complexes of chitosan. The complexes of
chitosan-g-PEI could maintain more than 80% of cell
viability when its weight ratio reached 25:1. This result
indicated that the selected formula of chitosan-g-PEI
complexes with the weight ratio of 20:1 is safe for the
stem cells. In the case of PEI, the cells were barely alive
above the weight ratio of 5:1. The commonly used for-
mula of PEI complexes weight ratio of 2:1 has already
showed very toxic to the stem cells. Studies have found
that PEI could induce the rapid perturbation of the
plasma membrane with 30 min of exposure. Then, ‘mito-
chondrially mediated’ apoptotic program was activated
over the following 24 h [16]. This toxic was dose-
dependent and increased with the molecular weight.
Figure 6 BMP2 expression was examined by ELISA and Western blot assay. The expressed BMP2 protein was quantified by ELISA analysis (A), and
the activation of its downstream Smad1/5/8 signaling pathway was studied through Western blot assay (B).
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Chitosan-g-PEI with the component of low molecular
weight PEI and biocompatible chitosan showed accept-
able cell viability in stem cells.
BMP2 expression
The bone morphogenetic protein (BMP) signaling is re-
quired in endochondral ossification and bone formation.
BMPs are soluble transmembrane glycoproteins with
low molecular weight in normal bone, which belong to
the transforming growth factor beta (TGF-β) superfamily
[42]. To date, there are more than 20 BMPs members
with diverse effects on the growth and differentiation of
MSCs, as well as on their ability to synthesize matrix.
Among the BMP family, bone morphogenetic protein-2
(BMP2) is a well-known stimulus for bone regeneration
and has already been clinically used in the enhancement
of the lumbar spine fusion and the treatment of acute
tibia fractures. It has been demonstrated with the effect
in stimulating the commitment of MSC into osteoblast
lineage [43].
In delivering pIRES2-ZsGreen1-hBMP2 plasmid to
BMSC, ZsGreen1 GFP expression could be observed by
fluorescence as shown above. The expressed BMP2Figure 7 Osteogenic differentiation of the bone marrow stem cells. The osteo
(B) between different vector-mediated BMP2 gene transfections.protein was investigated by Elisa and Western blot.
Three days post-transfection, the secreted BMP2 protein
reached around 22 ng/mL in chitosan-g-PEI-mediated
group, which was significantly higher than other groups
(Figure 6A). The expressed BMP2 functions by activating
intracellular Smad proteins. The activated Smad protein
complex then regulates the expression of osteoblastic genes
by interacting with various transcription factors [44]. By
Western blot assay, the activated Smad1/5/8 in the form of
phosphorylation was enhanced post-transfection comparing
with the control group. The chitosan-g-PEI-mediated trans-
fection showed the significant enhancement in Smad1/5/8
phosphorylation as shown in Figure 6B. The activated
Smad complexes were then translocated into nucleus to
regulate the transcription of specific target genes. BMP2/
Smad signaling is a known mediator of Runx2 expression
in starting the osteogenesis [45].
Osteogenic differentiation of stem cells
Bone formation involves a complex sequence of events
including the recruitment, proliferation, and differenti-
ation of stem cell to osteoblast lineage [46]. BMP2 has
the effect in stimulating the commitment of MSC into
osteoblast lineage and promoting the maturation ofgenic differentiation was compared by ALP activity (A) and mineralization
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required to migrate to the injured site and differentiate
into osteoblasts to produce the bone matrix for repair
[47]. For ex vivo MSC transplantation, the genetically
modified cells with BMP2 gene showed an enhanced
repairing ability in large scaled bone defect [48]. These ap-
plications realized based on the effective transfection of
MSC by gene carriers.
BMP2 could induce BMSC to differentiate into osteo-
blast [49]. The osteogenic differentiation was investi-
gated through alkaline phosphatase activity (ALP) and
mineralization ability. ALP activity is an important early
osteoblastic differentiation marker. Fourteen days post-
transfection, the chitosan-g-PEI-mediated group showed
highest ALP activities (Figure 7A). PEI showed the
slightly lower effect comparing with chitosan-g-PEI, but
significant higher than chitosan and control. The similar
tendency could be observed in the cells mineralization.
Alizarin Red S staining is a common histochemical tech-
nique for detecting the calcium deposit in mineralized
tissues and cultures. It was conducted on 21 days post-
transfection for detecting the cell-mediated deposition of
extracellular calcium and phosphate salts. The enhance-
ment of osteogenesis could be observed on chitosan-g-
PEI- and PEI-mediated groups (Figure 7B). The quantifi-
cation of osteogenic differentiation was conducted by
extracting the staining using CPC solution to calculate
the calcium deposit. Based on these results, chitosan-g-
PEI-mediated BMP2 gene transfection showed a significant
stronger ability in inducing MSC osteogenic differentiation
than the chitosan and control groups, which is even higher
than that of PEI. The cytotoxicity of high molecular weight
PEI reduced the cell viability leading to the reduced func-
tion of expressed transgene.
Bone regeneration utilizing gene therapy either by dir-
ect (in vivo) or cell-mediated (ex vivo) procedure has
been extensively studied [50]. Although relatively safer
the less efficiency of nonviral vectors compared with viral
vectors is still the challenge for their application. Ectopic
bone formation could be obtained using adenoviruses and
adeno-associated virus (AAV) encoding for several BMP
genes by direct intramuscular injection [51-53]. For nonvi-
ral vector, gene-activated matrices (GAM) and ex vivo
procedure are usually used to improve the in vivo effect.
PEI-mediated BMP4 gene delivery incorporated in a poly
(lactic-co-glycolic acid) (PLGA) scaffold could enhance the
bone regeneration in a cranial critical-sized defect [54]. In
a comparison study, stem cells modified by liposome-
mediated BMP2 gene transfer was loaded in collagen
sponge for the healing of critical-sized defects in the rat
mandible. Although it took slightly longer time than the
adenoviral-mediated group, the mature bone matrix
could be observed in the central region of the defect
6 weeks after the operation [36]. The ex vivo genetherapy for the orthopedic-oriented approaches provides
the benefits of cellular component for fast and predict-
able bone formation. The novel technique of sonoporation
and electroporation could further enhance the efficiency
of nonviral vector-mediated gene delivery. Stem cell-based
BMP2 gene delivery utilizing nucleogection, a method
using electroporation for transfection, could induce ec-
topic bone formation 4 weeks after cell implantation [55].
Conclusions
Chitosan-g-PEI as nonviral vector was investigated on
its in vitro gene delivering effect in bone marrow stem
cells. pIRES2-ZsGreen1-hBMP2 dual expression plasmid
containing both the ZsGreen1 GFP reporter gene and
the BMP2 functional gene was constructed for monitor-
ing the transgene expression level. Chitosan-g-PEI-medi-
ated gene transfer showed 17.2% of transfection
efficiency and more than 80% of cell viability in stem
cells. These values are higher than the PEI-mediated
one. The expression of the delivered BMP2 gene in stem
cells enhanced the osteogenic differentiation. These re-
sults demonstrated that chitosan-g-PEI is capable of ap-
plying in delivering gene to stem cells and providing
potential applications in stem cell-based gene therapy.
Abbreviations
ALP: Alkaline phosphatase; AAV: Adeno-associated virus; BMP2: Bone
morphogenetic protein-2; BMSC: Bone marrow stem cells; Chitosan-g-PEI: Low
molecular weight PEI-conjugated chitosan; COS-1: African green monkey kidney
cells; CPC: Cetylpyridinium chloride; DMEM: Dulbecco’s modified Eagle medium;
ELISA: Enzyme-linked immunosorbent assay; FBS: Fetal bovine serum; GFP: Green
fluorescent protein; IBMX: Isobutylmethylxanthine; ITS: Insulin-transferrin-selenium;
PEI: Polyethylenimine; SPDP: N-succinimidyl 3-(2-pyridyldithio)-propionate;
SLS: Static light scattering; TGF-β: Transforming growth factor beta.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
JY and DL carried out the plasmid construction and cell studies. JW carried
out the polymer and complexes preparation. XZ participated in the complexes
characterization. XZ and WL conceived the study and participated in its design
and coordination. All authors read and approved the final manuscript.
Acknowledgements
This work was made possible by the National Natural Science Foundation of
China (No.81301567 and No.81270967), Natural Science Foundation of
Guangdong Province (S2013040014820), Shenzhen Peacock Program




1Center for Human Tissues and Organs Degeneration, Institute of
Biomedicine and Biotechnology, Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences, 1068 Xueyuan Rd., Shenzhen
518055, People’s Republic of China. 2Department of Orthopaedic and
Traumatology, The University of Hong Kong, 21 Sassoon Rd., Pokfulam, Hong
Kong 999077, People’s Republic of China. 3Department of Pharmacology,
Harbin Medical University, 157 Baojian Rd., Harbin 150081, People’s Republic
of China. 4Shenzhen Key Laboratory of Marine Biomedical Materials,
Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences,
1068 Xueyuan Rd., Shenzhen 518055, People’s Republic of China.
Yue et al. Nanoscale Research Letters  (2015) 10:203 Page 10 of 11Received: 18 March 2015 Accepted: 18 April 2015References
1. Lo KW, Ulery BD, Ashe KM, Laurencin CT. Studies of bone morphogenetic
protein-based surgical repair. Adv Drug Deliv Rev. 2012;64(12):1277–91.
2. Shi JJ, Votruba AR, Farokhzad OC, Langer R. Nanotechnology in drug
delivery and tissue engineering: from discovery to applications. Nano Lett.
2010;10(9):3223–30.
3. Tannoury CA, An HS. Complications with the use of bone morphogenetic
protein 2 (BMP-2) in spine surgery. Spine J. 2014;14(3):552–9.
4. Ronga M, Fagetti A, Canton G, Paiusco E, Surace MF, Cherubino P. Clinical
applications of growth factors in bone injuries: experience with BMPs. Injury.
2013;44 Suppl 1:S34–9.
5. Evans CH, Ghivizzani SC, Robbins PD. Progress and prospects: genetic
treatments for disorders of bones and joints. Gene Ther. 2009;16(8):944–52.
6. Kimelman Bleich N, Kallai I, Lieberman JR, Schwarz EM, Pelled G, Gazit D.
Gene therapy approaches to regenerating bone. Adv Drug Deliv Rev.
2012;64(12):1320–30.
7. Ginn SL, Alexander IE, Edelstein ML, Abedi MR, Wixon J. Gene therapy
clinical trials worldwide to 2012 - an update. J Gene Med.
2013;15(2):65–77.
8. Hackett PB, Largaespada DA, Switzer KC, Cooper LJ. Evaluating risks of
insertional mutagenesis by DNA transposons in gene therapy. Transl Res.
2013;161(4):265–83.
9. Elsabahy M, Nazarali A, Foldvari M. Non-viral nucleic acid delivery: key challenges
and future directions. Curr Drug Deliv. 2011;8(3):235–44.
10. Lam AP, Dean DA. Progress and prospects: nuclear import of nonviral
vectors. Gene Ther. 2010;17(4):439–47.
11. Kawai M, Bessho K, Kaihara S, Sonobe J, Oda K, Iizuka T, et al. Ectopic bone
formation by human bone morphogenetic protein-2 gene transfer to skeletal
muscle using transcutaneous electroporation. Hum Gene Ther.
2003;14(16):1547–56.
12. Kirtane AR, Panyam J. Polymer nanoparticles weighing up gene delivery.
Nat Nanotechnol. 2013;8(11):805–6.
13. Saranya N, Moorthi A, Saravanan S, Devi MP, Selvamurugan N. Chitosan and
its derivatives for gene delivery. Int J Biol Macromol. 2011;48(2):234–8.
14. Patnaik S, Gupta KC. Novel polyethylenimine-derived nanoparticles for
in vivo gene delivery. Expert Opin Drug Del. 2013;10(2):215–28.
15. Yamano S, Dai J, Hanatani S, Haku K, Yamanaka T, Ishioka M, et al. Long-term
efficient gene delivery using polyethylenimine with modified Tat peptide.
Biomaterials. 2014;35(5):1705–15.
16. Moghimi SM, Symonds P, Murray JC, Hunter AC, Debska G, Szewczyk A. A
two-stage poly(ethylenimine)-mediated cytotoxicity: implications for gene
transfer/therapy. Mol Ther. 2005;1(6):990–5.
17. Yu YY, Wang Z, Cai L, Wang G, Yang X, Wan XP, et al. Synthesis and
characterization of methoxy poly(ethylene glycol)-O-chitosan-polyethylenimine
for gene delivery. Carbohydr Polym. 2010;81(2):269–74.
18. Peng YS, Lai PL, Peng S, Wu HC, Yu S, Tseng TY, et al. Glial cell line-derived
neurotrophic factor gene delivery via a polyethylene imine grafted chitosan
carrier. Int J Nanomed. 2014;9:3163–74.
19. Ping Y, Liu C, Zhang Z, Liu KL, Chen J, Li J. Chitosan-graft-(PEI-beta-cyclodextrin)
copolymers and their supramolecular PEGylation for DNA and siRNA delivery.
Biomaterials. 2011;32(32):8328–41.
20. Jiang HL, Kwon JT, Kim EM, Kim YK, Arote R, Jere D, et al. Galactosylated
poly(ethylene glycol)-chitosan-graft-polyethylenimine as a gene carrier for
hepatocyte-targeting. J Control Release. 2008;131(2):150–7.
21. Jiang HL, Xu CX, Kim YK, Arote R, Jere D, Lim H-T, et al. The suppression of
lung tumorigenesis by aerosol-delivered folate–chitosan-graft-polyethylenimine/Akt1
shRNA complexes through the Akt signaling pathway. Biomaterials.
2009;30(29):5844–52.
22. Jiang HL, Kim YK, Arote R, Jere D, Quan JS, Yu J-H, et al. Mannosylated
chitosan-graft-polyethylenimine as a gene carrier for Raw 264.7 cell targeting.
Int J Pharm. 2009;375(1–2):133–9.
23. Jiang HL, Kwon JT, Kim YK, Kim EM, Arote R, Jeong HJ, et al. Galactosylated
chitosan-graft-polyethylenimine as a gene carrier for hepatocyte targeting.
Gene Ther. 2007;14(19):1389–98.
24. Jia LJ, Li ZY, Zhang DR, Zhang Q, Shen JY, Guo HJ, et al. Redox-responsive
catiomer based on PEG-ss-chitosan oligosaccharide-ss-polyethylenimine copolymer
for effective gene delivery. Polym Chem Uk. 2013;4(1):156–65.25. Liu CC, Zhu Q, Wu WH, Xu XL, Wang XY, Gao S, et al. Degradable copolymer
based on amphiphilic N-octyl-N-quatenary chitosan and low-molecular weight
polyethylenimine for gene delivery. Int J Nanomed. 2012;7:5339–50.
26. Lu B, Xu XD, Zhang XZ, Cheng SX, Zhuo RX. Low molecular weight
polyethylenimine grafted N-maleated chitosan for gene delivery: properties
and in vitro transfection studies. Biomacromolecules. 2008;9(10):2594–600.
27. Tripathi SK, Goyal R, Kumar P, Gupta KC. Linear polyethylenimine-graft-chitosan
copolymers as efficient DNA/siRNA delivery vectors in vitro and in vivo.
Nanomedicine. 2012;8(3):337–45.
28. Jere D, Jiang H-L, Kim YK, Arote R, Choi Y-J, Yun C-H, et al. Chitosan-graft-
polyethylenimine for Akt1 siRNA delivery to lung cancer cells. Int J Pharm.
2009;378(1–2):194–200.
29. Huh MS, Lee SY, Park S, Lee S, Chung H, Lee S, et al. Tumor-homing glycol
chitosan/polyethylenimine nanoparticles for the systemic delivery of siRNA
in tumor-bearing mice. J Control Release. 2010;144(2):134–43.
30. Gao JQ, Zhao QQ, Lv TF, Shuai WP, Zhou J, Tang GP, et al. Gene-carried
chitosan-linked-PEI induced high gene transfection efficiency with low toxicity
and significant tumor-suppressive activity. Int J Pharm. 2010;387(1–2):286–94.
31. Hu FQ, Chen WW, Zhao MD, Yuan H, Du YZ. Effective antitumor gene therapy
delivered by polyethylenimine-conjugated stearic acid-g-chitosan oligosaccharide
micelles. Gene Ther. 2013;20(6):597–606.
32. Lu HD, Dai YH, Lv LL, Zhao HQ. Chitosan-graft-polyethylenimine/DNA nanoparticles
as novel non-viral gene delivery vectors targeting osteoarthritis. PLoS One.
2014;doi:10.1371/journal.pone.0084703.
33. Zhao XL, Li ZY, Pan HB, Liu WG, Lv MM, Leung F, et al. Enhanced gene
delivery by chitosan-disulfide-conjugated LMW-PEI for facilitating osteogenic
differentiation. Acta Biomater. 2013;9(5):6694–703.
34. Yang HY, Vonk LA, Licht R, van Boxtel AMG, Bekkers JEJ, Kragten AHM, et al.
Cell type and transfection reagent-dependent effects on viability, cell content,
cell cycle and inflammation of RNAi in human primary mesenchymal cells. Eur
J Pharm Sci. 2014;53:35–44.
35. Holladay C, Keeney M, Greiser U, Murphy M, O’Brien T, Pandit A. A matrix
reservoir for improved control of non-viral gene delivery. J Control Release.
2009;136(3):220–5.
36. Park J, Ries J, Gelse K, Kloss F, von der Mark K, Wiltfang J, et al. Bone regeneration
in critical size defects by cell-mediated BMP-2 gene transfer: a comparison of
adenoviral vectors and liposomes. Gene Ther. 2003;10(13):1089–98.
37. Lu K, Zeng D, Zhang Y, Xia L, Xu L, Kaplan DL, et al. BMP-2 gene modified
canine bMSCs promote ectopic bone formation mediated by a nonviral PEI
derivative. Ann Biomed Eng. 2011;39(6):1829–39.
38. Zhu H, Guo ZK, Jiang XX, Li H, Wang XY, Yao HY, et al. A protocol for isolation
and culture of mesenchymal stem cells from mouse compact bone. Nat Protoc.
2010;5(3):550–60.
39. Ohyama M, Okano H. Promise of human induced pluripotent stem cells in
skin regeneration and investigation. J Invest Dermatol. 2014;134(3):605–9.
40. Hamm A, Krott N, Breibach I, Blindt R, Bosserhoff AK. Efficient transfection
method for primary cells. Tissue Eng. 2002;8(2):235–45.
41. Abdallah B, Hassan A, Benoist C, Goula D, Behr JP, Demeneix BA. A powerful
nonviral vector for in vivo gene transfer into the adult mammalian brain:
polyethylenimine. Hum Gene Ther. 1996;7(16):1947–54.
42. Lowery JW, de Caestecker MP. BMP signaling in vascular development and
disease. Cytokine Growth Factor Rev. 2010;21(4):287–98.
43. Rosen V. BMP2 signaling in bone development and repair. Cytokine Growth
Factor Rev. 2009;20(5–6):475–80.
44. Sieber C, Kopf J, Hiepen C, Knaus P. Recent advances in BMP receptor signaling.
Cytokine Growth Factor Rev. 2009;20(5–6):343–55.
45. Lee KS, Hong SH, Bae SC. Both the Smad and p38 MAPK pathways play a
crucial role in Runx2 expression following induction by transforming growth
factor-beta and bone morphogenetic protein. Oncogene.
2002;21(47):7156–63.
46. Kumar S, Wan C, Ramaswamy G, Clemens TL, Ponnazhagan S. Mesenchymal
stem cells expressing osteogenic and angiogenic factors synergistically enhance
bone formation in a mouse model of segmental bone defect. Mol Ther.
2010;18(5):1026–34.
47. Granero-Moltó F, Weis JA, Miga MI, Landis B, Myers TJ, O’Rear L, et al.
Regenerative effects of transplanted mesenchymal stem cells in fracture
healing. Stem Cells. 2009;27(8):1887–98.
48. Kumar S, Nagy TR, Ponnazhagan S. Therapeutic potential of genetically
modified adult stem cells for osteopenia. Gene Ther. 2010;17(1):105–16.
49. Hanada K, Dennis JE, Caplan AI. Stimulatory effects of basic fibroblast growth
factor and bone morphogenetic protein-2 on osteogenic differentiation of rat
Yue et al. Nanoscale Research Letters  (2015) 10:203 Page 11 of 11bone marrow-derived mesenchymal stem cells. J Bone Miner Res.
1997;12(10):1606–14.
50. Evans C. Gene therapy for the regeneration of bone. Injury. 2011;42(6):599–604.
51. Jane JA, Dunford BA, Kron A, Pittman DD, Sasaki T, Li JZ, et al. Ectopic
osteogenesis using adenoviral bone morphogenetic protein (BMP)-4 and
BMP-6 gene transfer. Mol Ther. 2002;6(4):464–70.
52. Gafni Y, Pelled G, Zilberman Y, Turgeman G, Apparailly F, Yotvat H, et al.
Gene therapy platform for bone regeneration using an exogenously
regulated, AAV-2-based gene expression system. Mol Ther. 2004;9(4):587–95.
53. Chen Y, Luk KDK, Cheung KMC, Xu R, Lin MC, Lu WW, et al. Gene therapy
for new bone formation using adeno-associated viral bone morphogenetic
protein-2 vectors. Gene Ther. 2003;10(16):1345–53.
54. Huang YC, Simmons C, Kaigler D, Rice KG, Mooney DJ. Bone regeneration in
a rat cranial defect with delivery of PEI-condensed plasmid DNA encoding
for bone morphogenetic protein-4 (BMP-4). Gene Ther. 2005;12(5):418–26.
55. Aslan H, Zilberman Y, Arbeli V, Sheyn D, Matan Y, Liebergall M, et al.
Nucleofection-based ex vivo nonviral gene delivery to human stem cells as
a platform for tissue regeneration. Tissue Eng. 2006;12(4):877–89.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
